On the fourth Pn resonance predicted by the constituent quark model 
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We point out a distinguishing difference between constituent quark models based on one-gluon 
exchange and one-boson exchange dynamics. In the latter one, the Pn nucleon resonance with 
predominantly symmetrical spatial wave function in the N = 4 band gets strongly attracted such 
that it drops below some states in the N — 2 band. Calculations of strong decay widths are 
presented in order to establish an identification with experimental states. Our results are relevant 
for the interpretation of the fourth Pn resonance that was found in the partial wave analysis of 
the Zagreb group and recently discussed by Capstick et. al. in the framework of a model based on 
one-gluon exchange. 
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Constituent quark models (CQM's) are useful for in- 
terpreting the results of partial wave analyses (PWA) 
that are usually employed to extract the properties of 
nucleon resonances from the experimental data of pion- 
nucleon scattering [jjj. Generally, such models predict 
four Pn excited states of the nucleon below or around 2 
GeV which are predominantly part of the N = 2 band in 
a harmonic oscillator basis. The lightest of these states 
with a totally symmetrical spatial wave function is usu- 
ally attributed to the Roper resonance, the first radial ex- 
citation of the nucleon. Its low mass has presented some 
problems for conventional CQM's, based on one-gluon ex- 
change (OGE) dynamics, as these models are not able to 
describe the right level ordering of positive and negative 
parity states Q. The second excitation, with a spatial 
wave function of mixed symmetry, is attributed to the 
Nmo resonance, an identification that is confirmed by 
studies of decay amplitudes with a specific decay opera- 
tor H . The third state predicted is an orbital momentum 
L = 2 state with quark spin | and a mixed symmetrical 
spatial wave function while the fourth is a L — 1 state 
with quark spin i. The latter one has a totally antisym- 
metrical spatial wave function and is therefore naturally 
expected to be the heaviest of these resonances with a 
weak coupling to the irN decay channel. 

The last two states were not found yet by any par- 
tial wave analysis, a fact that constitutes part of the 
problem of "missing states" [Q, i.e. the fact that con- 
stituent quark models generally predict more states than 
observed. In ref. |E) it was argued that the lighter of 
these missing states in the N = 2 band can be identified 
with the fourth Pn resonance that was discovered by 
the Zagreb group in their partial wave analysis based on 
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a multi-channel, multi-resonance, unitary model ||. It 
was pointed out that the crucial element for finding this 
resonance is the fit to the ttN — > r/N data, which was 
carried out with great care in ref. || . Results for partial 
decay widths in the strong decay channels irN, r/N and 
■k-kN , as calculated in ref. Q in a relativized version of 
a model based on OGE dynamics, were given to confirm 
the identification. We redisplay these results in Table 
together with the experimental results from ref. 

It can be seen, that the first OGE state that could cor- 
respond to the new solution found by the Zagreb group 
at M ~ 1740 MeV is the state at M = 1880 MeV. A fea- 
ture that was not discussed in ref. ]Bj is the fact that the 
model based on OGE predicts this state to decay more 
strongly into Nrj than into Ntt, a situation that seems to 
be contradicted by the experimental results (even though 
one should consider the large error bars in this case). 

The fourth state at M = 1975 MeV is the totally anti- 
symmetrical and the heaviest one in the N = 2 band, as 
expected. Its weak coupling to the decay channels was 
used in particular to explain why it has not been seen in 
any partial wave analysis yet. 

The first OGE state in the A = 4 band appears at 
M = 2065 MeV and it was assigned to the Pn (A/2100) 
state of the Particle Data Group Q, which, however, has 
the status of a 1-star resonance only. Its decay properties 
are very similar to those of the Roper resonance which 
indicates the same structure for these two states. How- 
ever, as for the relative strength of decay amplitudes in 
the ttN and rjN channels, the wrong ordering is again 
predicted by the OGE as compared to the solution of the 
Zagreb analysis. In fact, just from the decay widths, one 
would rather guess that this state corresponds to the new 
solution of the Zagreb group at M ~ 1740 MeV, an iden- 
tification that is hardly possible in this model because of 
the large mass of this state in the OGE. 

We have calculated the spectrum and wave functions 
that follow from a model based on Goldstone-boson ex- 
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TABLE I. Resonance parameters from different quark models. The first column gives the assignment of the Particle 
Data Group (PDG, ref. js)), OGE is from ref. Q, GBE are present results and the experimental data correspond to the four 
Pn-resonance solution of ref. Q. For the latter ones we also give the uncertainties in the total width that have to be added to 
the uncertainty in the partial decay width (the numbers in parentheses). All numbers in MeV. 



PDG state 


Mass 


OGE 


r„ 


Mass 


GBE 


r„ 


Mass 


exp. 


r„ 


Pu(1440) 

Pn(mo) 

Pn 

Pn 

Pn(2100) 


1540 
1770 
1880 
1975 
2065 


412 
18 
8 
4 
59 




67 
28 

3 


1443 
1770 
1874 
1970 
2104 


646 
87 
70 

5 

4 



15 

26 
14 


1439 ± 19 
1729 ± 16 
1740 ± 11 

2157 ±42 


(271 ± 18) l^ 
(40 ± 40)1" 
(39 ± 39) 

(57 ±17)11? 


(0±0)l u a 
(ll±ll)l 6 o 
(17 ±13)1^ 

(295 ± 18)t™ 



change (GBE) dynamics ||]l(J. Here we use a slightly 
different parameterization where the tensor components 
of the pseudoscalar meson-exchange interaction are in- 
cluded. Those tensor forces were dropped in p|JTo| 
and only the spin-spin components of the pseudoscalar 
meson-exchange interaction were taken into account. 

Partial decay widths are then calculated in a micro- 
scopic decay model of the 3 Pq type, which differs from 
the one used in ref. by two main points: 

• First we use a 3 Po decay operator in a modified 
form as introduced in ref. |13| . It has been checked 
that the qualitative features of decay predictions 
are not influenced by this choice. 

• Second, and more important, for all the baryon res- 
onances we use the theoretical masses as they fol- 
low from the solution of the Schrodinger equation 
as input in our decay calculation. This would re- 
sult in different phase space factors for states whose 
masses are predicted far off their experimental val- 
ues, which is not the case in the GBE for any of the 
resonances considered here. However it may influ- 
ence the relative ordering of 7rA^ and i]N widths 
due to the "structure dependence" (|] of the Pn 
resonances^. 

First results in this approach were presented in ref. pi , 
where also a more thorough discussion regarding con- 
stituent quark- and decay models may be found. The 
masses of the lightest resonances predicted by the GBE 
in the Pn channel are given in Table [| and it can be seen 
that, apart from the Roper resonance, which is better 
described by the GBE, they correspond almost exactly 
to the masses of the OGE model. The decay properties 
are rather different however. 



*The decay amplitude for Pn resonances has a zero as a 
function of the (off-shell) meson momentum q. Depending on 
whether one chooses q to be consistent with the theoretical 
or with the experimental resonance mass, one may approach 
this zero or move away from it. 



First we note that for the Nmo resonance the GBE 
model predicts T v <T 7I , contrary to the OGE model but 
in qualitative agreement with the experimental result of 
the Zagreb analysis. A similar difference appears for the 
next Pn resonance, where again the GBE reproduces 
roughly the experimental pattern of decay amplitudes, 
whereas the OGE predicts the opposite ordering. 

In order to explain these qualitative differences we dis- 
play in Table || the LS - components of the GBE wave 
functions in question. 



TABLE II. Probabilities (in %) of all possible LS - compo- 
nents of N* wave functions for Pn resonances from the GBE 
model with tensor force. 
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It is seen immediately, that the GBE state at M — 
1874 MeV cannot be identified with any of the remaining 
states in the N — 2 band, since it is an almost pure L = 
state. It rather corresponds to the predominantly sym- 
metrical solution in the N = 4 band, i.e. the second ra- 
dial excitation of the nucleon after the Roper resonance. 
The properties of the Goldstone-boson exchange dynam- 
ics lead to a strong attraction in symmetrical components 
of the wave function, a property that explained already 
the low mass of the Roper resonance in this model. 

We see also from Table | that the decay properties 
correspond almost exactly to those of the N = 4 state 
in the OGE model. In particular, we predict the fourth 
Pn resonance to decay more strongly into Nir than into 
Nr], as it was found for the new resonance in the Zagreb 
analysis. 
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The last two GBE states given in Table | are found to 
be almost 50% - mixtures of the L = 2, S = § and L = 1, 
S — \ components. These ones receive a repulsive contri- 
bution from the GBE interaction, because they contain 
quark pairs with antisymmetrical spin-flavor wave func- 
tions. This enhances the effect of level inversion with the 
symmetrical state in the N — 4 band. 

Due to the different symmetry structure it is also ex- 
pected that they should have smaller branching fractions 
into the Nit channel than the lower Pn resonances, a 
feature that is shared with the OGE predictions for the 
corresponding states. A qualitative difference between 
the two models again occurs when comparing the Nr] 
with the Ntt widths: both these resonances give > IV 
in the GBE, a relation that is also satisfied by the state 
at ~ 2157 MeV found in the Zagreb analysis, but con- 
tradicted by the predictions of the OGE. This feature is 
a consequence of the strong mixing of these two states, 
as evidenced in Table [TJ. In fact, the main contribution 
to the decay widths for both of them comes from the 
L = 2, S = § component which explains their similar 
decay properties as opposed to the OGE model. 

We would finally like to stress that the inversion of 
states discussed above is also found in different param- 
eterizations of the GBE interaction. We have checked 
in particular that in the models of rcf. ]j|[l0| as well as 
rcf. OJill, it is always the mainly symmetrical state 
that follows the Nino resonance. A good description of 
the Roper resonance has also been obtained in a model 
including a three-body force |l6| ]. Since this one acts 
mainly on the nucleon and its radial excitations while 
producing essentially no effect on states with mixed sym- 
metry, one may expect a similar inversion in the up- 
per part of the spectrum as in the GBE model. Un- 
fortunately, calculations of decay widths as presented in 
ref. (Tj|] do not include the states of interest here. 

In addition to irN and r/N widths, also results for the 
irirN channel were given in ref. and compared to the 
results of the Zagreb group. We did not repeat these 
calculations in the GBE model because of some theoret- 
ical ambiguities associated with the determination of a 
decay operator for quasi-two-body decays |l5]| . Further- 
more the branching fractions extracted from the PWA 
depend sensitively on the input data of ttN — > irirN re- 
actions, but the inelastic data in channels like irA, pN, 
etc., were not explicitly included in the analysis of the 
Zagreb group ||. 

In all the considerations presented above, one has to 
bear in mind the rather large uncertainties of experimen- 
tal data which prevents one from drawing definite con- 
clusions about the quality of predictions from any CQM 
for the moment. However, the inversion of states in the 
GBE model is a unique and distinguishing feature leading 
to qualitatively different predictions of decay properties. 
This would permit a definite discrimination of different 
models, once the experimental data are determined with 
sufficient accuracy. 



In summary, we have pointed out that the states that 
are predicted by models based on OGE and GBE dy- 
namics at almost the same mass of M ~ 1880 MeV do 
not correspond to the same SU(6) (S> 0(3) state in a har- 
monic oscillator basis. As a consequence they show very 
different decay properties. In particular, predictions for 
decay widths using wave functions stemming from GBE 
dynamics are in qualitative agreement with the recent 
PWA of ref. ||. Differences with predictions from the 
OGE model may allow a discrimination between the two 
models, which is not possible at the moment due to rather 
large experimental uncertainties. Clearly, a more precise 
determination of the resonance parameters discussed in 
this paper is needed to definitely settle the issue. 
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